. The spatial coverage of this phenology data is more complete than other remotely sensed data based phenology products. This is because of the quality of the smoothed and gap-filled MODIS data that was produced using an enhanced version of the TIMESAT algorithm. In this paper, we review the enhanced TIMESAT algorithm and related smoothing, gap filling and phenology algorithm, and compare the phenology metrics estimated from NDVI and EVI. Our results show differences in phenology inferred from EVI versus NDVI. The magnitude of the difference depends on the land cover type and could be used to improve the land cover classification accuracy.
I. INTRODUCTION
At seasonal to inter-annual time scales, vegetation phenology reflects the dynamics of the Earth's climate and hydrologic regimes, and is diagnostic of the coupling between the Earth's biosphere and atmosphere. Information related to large-scale phenology is therefore useful for studies of seasonal and interannual variability in carbon exchange and vegetation-climate interactions [1] . Remote sensing provides a key means of measuring and monitoring phenology at continental to global scales and vegetation indices derived from satellite data are now commonly used for this purpose. However, the uncertainties, due to the atmospheric effects, clouds, and the presence of snow, limit the accuracy and spatial coverage of phenology metrics from remotely sensed vegetation indices.
The Moderate Resolution Imaging Spectroradiomer (MODIS) is a key instrument aboard NASA's Terra and Aqua satellites. Each MODIS observes the entire Earth's surface every one to two days and plays a vital role in the development of validated, global, interactive Earth system models, that are able to predict global change accurately enough to assist policy makers in making sound decisions concerning the protection of our environment. Data from the MODIS instrument are converted on a systematic basis into derived atmospheric, terrestrial and oceanic products.
The temporally smoothed and spatially gap-filled MODIS biophysical data sets, which are being produced by our NASA-funded Advancing Collaborative Connections for Earth-Sun System Science (ACCESS) project, provide ideal data sources for estimating phenology metrics [2] [3] . The aim of our ACCESS project is to support the North American Carbon Program (NACP), called MODIS 4 NACP. MODIS 4 NACP is providing NACP researchers with MODIS biophysical data products that are custom tailored for use in NACP model studies. The NACP is designed to provide the scientific underpinning to inform future policy decisions involving the carbon cycle, such as managing carbon sources and sinks by efficient and effective options to reduce emission or enhance carbon sinks. Information from earth observing satellites plays a major role in providing spatial and temporal information required to address the carbon accounting sought by the NACP.
In MODIS 4 NACP, the temporal smoothing and filling is done by weighting the VI values using the associated quality assessment (QA) layers, with lower weights given to poor quality values, and then by using filtering and curve fitting functions to obtain an annual curve. This annual curve is then used to estimate phenology metrics, which are useful for ecosystem and climate modeling. Four key phenology dates -begin of green-up, end of green-up, begin of brown-down, and end of brown-down -are determined from the smoothed annual vegetation index (VI) curve. Then a set of 25 phenology parameters are derived from the four key phenology dates and the smoothed VI curve.
Where temporal smoothing and filling is not possible, a gap filling algorithm uses the temporal curve of a high quality neighboring pixel of same land cover type, based on the MODIS land cover products, and the high quality MODIS values of current pixel [2] . A spectral similarity test is used in selecting the appropriate neighbor pixel to obtain temporal similarity. The annual curve from the neighboring pixel is scaled to match the high quality data of the current pixel. Then the phenology metrics are estimated from the gap-filled annual VI curve. Such phenology metrics are considered lower quality than phenology metrics estimated from temporal smoothed VI curve. The quality of the phenology estimation is recorded in the QA layer, which is also included in the phenology products.
In this paper we discuss the approach we use to estimate phenology metrics from smoothed MODIS VIs, as well as the first result of inter-comparison of phenology parameters from EVI and NDVI.
II. DATA AND METHODOLOGY
The MODIS LAI, NDVI, and EVI that have been temporally smoothed and spatially gap-filled [2] , are used to estimate phenology metrics. The LAI is from MODIS LAI product (MOD15A2) with 1 km resolution [4] . The NDVI and EVI are calculated from MODIS surface reflectance products (MOD09Q1 and MOD09A1) at 250 m and 500 m resolution [5] [6] . When calculating 250 m resolution EVI, the 500 m blue band is extrapolated from 500 m resolution to 250 m resolution. The TIMESAT program was developed by Jonsson and Eklundh [7] [8] for analyzing time-series satellite-sensor data. Gao et al., [2] developed a temporally smoothed and spatially gap-filled algorithm from the standard TIMESAT program. The original MODIS data are noisy and there are absences due to clouds and other effects so it is difficult to estimate phenology metrics from original MODIS data directly. Fig. 1 shows a three-year time-series of the MODIS EVI time series for a 500 m pixel in the Harvard Forest. Due to variations in viewing geometry, sky and cloud properties, and surface conditions, the time-series clearly contains some noise. Some of this can be removed by eliminating the values for which the quality assessment layers indicate poor quality. In Fig. 1 pink dots represent data for which the associated QA value indicates cloud cover. The green triangles represent snow-covered data. This data was removed from the time series and interpolation methods were used to derive an annual curve. This annual curve is then used to derive four key phenology dates (marked in Fig. 1) , which define the key phenological phases. To identify the phenological transition dates automatically, a quantitative identification method is used. Here we use the third derivative of the fitted annual VI curve (Fig. 2) . Specifically, transition dates correspond to the times at which the third derivative in the VI data exhibits local minima or maximums. These dates indicate when the annual cycle transitions begin to change from one status to another status. For example, VI changes from low constant value to quickly increasing (begin of green-up), or changes from quickly increasing to high constant value (end of green-up).
For a small fraction of the pixels, temporal fitted annual VI curve is not derivable because there are insufficient high quality values or because the high quality values are distributed unevenly. For these pixels, Gao et al. [2] have developed a spatial gap filling approach. In this case, the data is gap-filled by referencing an annual curve from neighboring pixels with the same land cover type. The seasonal variation of the referenced curve is adjusted to fit the sparse high-quality observations and substitute the missing and low quality observations. Then the high-quality and substituted observations are used to refit an annual VI curve and then the phenology metrics are estimated from it (Fig. 3) . A benefit of this spatially smoothed and gap-filled algorithm is that the spatial coverage of this phenology dataset is better than other remotely sensed data based phenology products. The phenology product includes 25 phenology parameters and 3 ancillary parameters [9] . 
III. INITIAL RESULTS
In this analysis, we compare phenology metrics derived from NDVI and EVI at 500 m resolution. Figure 4 shows the green-up dates for northeastern United States and southeastern Canada (MODIS tile h12v04) in 2004. Green-up dates estimated from NDVI and EVI exhibit similar geographyical and ecological patterns. The pattern of dark/bright blue in northeastern United Sates indicates the impact of land cover type on the phenological phase. The progressively later green-up dates from south to north are consistent with known vegetation phenology characteristics. Figure 5 shows the dependence of green-up dates on latitude for different land cover types in the region. The figure was created by computing average dates for green-up for 0.5 degree increment of latitude within the area shown in Fig. 4 , stratified by land cover classes provided by the Collection 4 MODIS land cover product [10] . The green-up dates estimated from NDVI and EVI have the following in common:
Fig. 4. Green-up date derived from annual NDVI curve (left panel) and EVI curve (right panel)
1. Latitudinal gradient -higher the latitude later the green-up dates; 2. In general, cropland have earlier green-up dates than natural vegetation; 3. Green-up dates of the mixed forest exhibit a latitudinal gradient that is verysimilar to the broadleaf forest (because the broadleaf trees contribute a much stronger phenological signal than needle-leaf trees).
The differences in the green-up dates estimated from NDVI and EVI include:
1. EVI green-up dates are usually later than NDVI;
2. The variation in the latitudinal gradient for EVI is smaller than that for NDVI.
Within the region shown, the mean lag in NDVI (EVI) green-up is 1.4 (1.6) days per degree of latitude for needleleaf forest, 2.1 (2.3) days per degree for broadleaf and mixed forests, 3 (2.9) days per degree for grasslands, and 2.6 (2.9) per degree for croplands. 
IV. DISCUSSION AND FUTURE WORK
This paper describes a new methodology to produce gap-filled phenology products with an enhanced TMESAT phenology algorithm. Key phenological dates are derived from third derivative of the smoothed annual VI curve. This is different from the original TIMESAT phenology algorithm, which relies on VI thresholds to determine key dates. This improvement makes the algorithm suitable for estimate phenology metrics in global/continental scale regardless land cover type.
We have produced phenology metrics from MODIS LAI, EVI, and NDVI over North America with the enhanced TIMESAT algorithm. The entire datasets are freely available through the web-based distribution system (http://ladsweb.nascom.nasa.gov).
The users can post-process and order datasets online then download the processed data sets, which are in formats consistent with data integration into model studies. The post-processing services include: mosaicing of multiple MODIS tiles, reprojecting the products to a regional grid, subletting the products spatially and by parameter, aggregating the products spatially, and re-format the delivery dataset (e.g. GeoTIFF).
We compared phenology metrics derived from NDVI and EVI. 
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dense vegetation area (e.g. forest) because NDVI saturated during the peak-growing season. We are still exploring which vegetation index is the best for presenting the phenological phase.
We are continuing to improve the accuracy of the phenology products. Validation is a vital step for calibrating remote sensing based scientific algorithms. Though various field programs are collecting phenological information, most of them are recording specific species. The spatial scale of the observations is not normally comparable to MODIS data resolution (250 m, 500 m). We are exploring a way to connect ground observations and remote sensing based phenological parameters.
MODIS Collection 5 products are available now. We are just starting to generate smoothed VI and phenology products that will take advantage of the MODIS collection 5 improvements.
